Different cell configurations of anode-supported microtubular solid oxide fuel cells (mTSOFCs) using samaria-doped ceria (SDC) as the electrolyte were fabricated. Different cells were processed varying the porosity and wall thickness-(outer diameter) of NiO-SDC tubular supports. Suitable aqueous slurry formulations of NiO-SDC for gel-casting were prepared using agarose, as a gelling agent, and sucrose, as a pore former. The subsequent NiO-SDC anode functional layer (AFL), the SDC electrolyte and the La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3-d -SDC cathode were deposited by spray-coating. Pre-sintering temperatures of the supports were optimized from linear shrinkage curves, thus obtaining after co-sintering, a dense electrolyte without anode-electrolyte delamination.
Introduction
Solid oxide fuel cells (SOFCs) are electrochemical energy conversion devices applicable from portable systems of a few watts up to megawatt-sized power plants with high efficiency and low emissions of pollution [1,2]. Portable applications for SOFCs are envisaged in the fields of Auxiliary Power Units (APU) in transport, small power units for personnel, submarines, air planes, etc. Tubular SOFC designs have demonstrated to be effective for portable devices, since they possess high thermal shock resistance, less stringent sealing requirements, and a low thermal stress caused by rapid heating up to the operating temperature [3, 4] . By decreasing the cell diameter to a few millimetres or sub-millimetres, such as mT-SOFCs, it is possible to improve the mechanical stability, thermo-cycling resistance, volumetric power density, and also to reduce start-up times [5,6,7,8,9]. In addition, mT-SOFCs operating at intermediate temperatures (500-700ºC) are desirable to decrease the material degradation and to reduce costs by incorporating metallic materials [10] . For this purpose, both decreasing the electrolyte thickness to reduce ohmic resistance losses and using based electrolytes on gadolinium doped ceria (GDC), samarium doped ceria (SDC), or strontium and magnesium doped LaGaO 3 perovskite (LSGM), which present high ionic conductivity at intermediate temperatures, are good approaches [11,12,13].
In contrast, the manufacturing of mT-SOFCs is the main disadvantage in comparison to the planar design, as it is more difficult to fabricate a tight electrolyte layer deposited on a porous substrate in the tubular geometry. For this reason, processing methods are one of the most important topics in microtubular SOFC research, which present several difficulties, such as a relatively high investment in equipment and a long time for the adjustment of processing parameters. 
Cell manufacturing
The composition of the microtubular SOFCs were selected as follows by scanning electron microscopy (SEM). After reducing process (NiO to Ni at the anode), the total porosity of supports was determined using a helium gas absorption pycnometer (Micromeritics ASAP2000).
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Electrochemical characterization
Three replicates of each cell configuration were electrochemically tested using humidified H 2 as fuel in the anodic compartment and air in the cathodic chamber.
Electrical connections were made using four Ag wires. Ag mesh was used as current collector at the anode (inner of the tube) and coiled Ag wire fixed with Ag paste was used at the cathode side. Tubes were sealed using Ceramabond 503 sealant (Aremco, US) into alumina tubes and finally all the system was kept into a quartz tube, and 
Optimization of pre-sintering process
Shrinkage curves of different NiO-SDC tubular supports and the SDC electrolyte are shown in Fig. 2 . The large difference in shrinkage between both materials evidences that a pre-sintering process of the tubular supports with their AFLs is necessary to decrease their shrinkages during co-sintering. In addition, the electrolyte material shrinks faster than the tubular supports, enhancing the densification of the electrolyte layers. Pre-sintering temperatures of 1000ºC for cell A, and 1100ºC for cells B and C are appropriate to obtain an anode-support shrinkage of 11, 16 and 15%, respectively, which is close to the shrinkage difference between the support and SDC layer during co-sintering at 1450ºC.
Microstructure of mT-SOFCs
Figs. 3 (a-c) exhibit the microstructures of the different supports consisting of Ni and SDC, after reducing in H 2 , which were processed with different sucrose amounts. The supports presented porosities of 39, 54 and 57% for the cells A, B and C. The support with 15 wt.% sucrose, and a porosity of 62%, was finally dismissed due to its low mechanical strength and low dimensional stability. Therefore, both cells B and C were fabricated using 10 wt.% of sucrose. Figs. 3 (d-f) show the transverse cross-sectional microstructure of cells, which present thicknesses around 15 m for the AFL, and 15 m for the electrolyte. They also evidence that the interfaces between the electrolyte and the electrodes exhibits no observable delamination or cracks. After co-sintering the anode supports are homogeneous presenting high porosity, and the electrolyte layers present high density. In addition, the anode functional layer contributes to a progressive gradation in porosity between the support and the electrolyte.
Electrochemical characterization
OCVs for the replicates of three cell configurations are around 0.73 at 600ºC and 0.68 V at 650ºC ( Table 3) . These values are lower than those predicted from the Nernst equation, under H 2 as a fuel and air as an oxidant. Similar OCV behaviour has been reported by other authors using doped ceria electrolytes for mT-SOFCs. Suzuki et al. .84 and 0.77 V at 450, 500 and 550ºC, respectively. In the present work, the decrease in the OCV is partially caused by gas leakages between anode and cathode chambers, due to the presence of small pores at the electrolyte layer (Fig. 4) . It could also be associated to the internal short circuit currents due to the increase of electronic conductivity in the doped ceria electrolyte [38, 39] . Finally, it is also well known that the solubility of cobalt oxide, used as a sintering aid, in the fluorite structure is very low and the excessive cobalt oxide segregates as layer of a few nanometers at the grain boundaries, which could introduce (additional to the reduction from Ce 4+ to Ce 3+ ) n-type electronic conductivity with increasing temperature and decreasing oxygen partial pressure. As the electronic conductivity of doped-ceria and sintering aid intrinsically depend on the electrolyte material, they probably influenced on the performance of the cells in a similar way. The relatively good reproducibility in OCVs and ASRs of the replicated cells, with differences of about 5%, indicates that the amount of pores in the electrolyte of each cell configuration could possibly justify those differences. In order to avoid the effect of these gas leakages and the internal short circuit current, it will be necessary to develop cells free of small pores and possibly thicker layers. concentration polarization is clearly observed from cell C at high current densities, due to the thicker anode support. From those results, it was confirmed that cell B (with increased porosity and smaller wall thickness at the support) achieved the higher current densities, indicating good gas diffusion at the support and an adequate catalytic activity at both electrodes. In addition, the area specific resistances (ASRs) for the cells, determined from the slopes of the j-V curves, are shown in Table 3 . Those values are in the range of other reported results in the literature.
EIS experiments under OCV conditions at 600ºC were also performed as shown in Fig.   6 . Due to the presence of small pores at the electrolyte layer and as a consequence lowering the OCV as previously discussed, EIS recorded data was slightly noisy, especially at lower frequencies. In spite of this, the experimental data was fitted using equivalent circuits and a summary of the obtained parameters is shown in Table 3 ) are significantly higher with those obtained from the j-V curves ( Table   2) , as a consequence of the activation polarization of the cells, which takes place at low current densities. In addition, gas leakage will increase cell temperature especially at higher current densities and as a consequence, lower ASR values are observed from j-V experiments. 
Conclusions
Micro-tubular SOFCs with 2.5 and 4.5 mm outer diameters, and 400 and 1200 m wall thicknesses, respectively, were fabricated using a simple wet-forming method based on agarose gel-casting technique, which operates as a syringe. Suitable slurry formulations for gel-casting were prepared, without and with (10 wt.% sucrose) added pore former. Pre-sintering temperature of supports was optimized from linear shrinkage curves, thus obtaining a dense electrolyte without anode-electrolyte delamination after co-sintering. Electrochemical tests showed the highest power density (400 mW·cm −2 at 650°C) for cell B, presenting 380 m wall thickness (2.4 mm outer diameter), and added porosity using 10 wt.% sucrose. The high current density for this cell evidences good gas diffusion at the tubular supports. In contrast, cell A (220 mW·cm −2 ) with a tubular support close to cell B and without added porosity, and cell C (180 mW·cm −2 ) with one of 1200 m thickness and added porosity presented lower performances than cell B. These results indicate that the support thickness and porosity of anodesupported mT-SOFCs is strongly influenced on the cell performance. The relatively low OCVs (0.73-0.68 V at 600-650ºC) are probably due to the current leakage related to the electronic conduction and the presence of small gas leakages through micro-pores at the electrolyte layer. As a summary, the aqueous agarose gel-casting method operating as a syringe, combined with additional porosity and thickness reduction of the support, is a suitable processing route to enhance the performance of anodesupported mT-SOFCs.
